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Introduction
Modern trading environment which largely benefits from the advances in technology is also more exposed to technical problems associated with automated trading. At the same time, security prices react much faster to news thanks to the speed technology. Hence it is not uncommon to see market disruptions by extreme intraday price movements. On 8 July 2015, NYSE stopped trading due to an internal technical issue, similar to the Nasdaq halt in 2013.
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Both U.S. equity (2010) and treasury markets (2014) have experienced flash crashes, that is, abrupt intraday price movements with a fast recovery. Such intraday events raise concerns about the correct policy response to avoid potentially adverse effects of intraday trading turmoil on market stability.
As one of the policy measures to prevent market disruptions, market-wide circuit breakers have been in place since the October 1987 crash (Goldstein and Kavajecz, 2004; Goldstein, 2015) . Circuit breakers aim at temporarily suspending trading under extreme market conditions to prevent excessive intraday price fluctuations. On the unusual turbulent day, the Flash Crash, 6 May 2010, the existing market-wide circuit breaker failed to stop sharp price downturn of individual stocks. Following the Flash Crash, the U.S. Securities and Exchange Commission (SEC) launched a new single stock circuit breaker rule (SSCB, hereafter). The rule stipulates that stocks whose price moves 10 percent or more in a five-minute window should be halted for a five-minute period.
2 The trading suspension can be triggered either be a large discrete price jump or a cumulative price change over the five-minute window.
Our first contribution is a detailed analysis of such intraday events at the firm level. We look into 54 SSCB events that involve only S&P 500 or Russell 1000 firms, and take place during the period between June 2010 and April 2013. Unlike the earlier studies that focus 1 There are other examples from the international markets. For instance, trading on the Mumbai stock exchange, BSE, stopped several hours on 3 July 2014. Similarly, trading on the Phillippine Stock Exchange (PSE) halted on several days in August 2015. On 7 January 2016, Chinese stock market halted in the opening minutes due to an automatic circuit breaker.
2 The circuit breakers are implemented during the continuous trading hours from 9.45am until 3.35pm.
on the Flash Crash (e.g., Easley et al., 2011; Kirilenko et al., 2014; Madhavan, 2012) , we filter out a set of intraday rallies and crashes at the firm level that trigger the SSCB. These events are not caused by market-wide volatility or material news, that is, news released by the firm that affects the fundamental value, e.g., stock splits or earning announcements.
However, there may be firm-specific non-material news circulating in the financial media, e.g., merger/buyout talks or rumors regarding a restructuring, that trigger the SSCB. We first document the trading activity around SSCB events to understand how the trading halts affect different measures of market quality such as volume, spread and volatility.
Our primary objective is to understand the implication of such intraday extreme price movements and subsequent trading halts on market stability. Our strategy is to test the crosssectional spillover effects of trading halts on other stocks, that is, any effect on the trading activity of related non-halted stocks. 3 In particular, we investigate the speculative activity of arbitrageurs, as one of the channels for such cross-sectional spillover effects. De Long et al. (1990) show that in a market with feedback traders, rational speculation may be destabilizing. In light of the De Long et al. (1990) model, the paper by Lou and Polk (2013) propose a comomentum measure, that is, an abnormal return correlation among stocks controlling for Fama-French risk factors, which reflects the speculative activity of arbitrageurs (Moskowitz et al., 2012) . Using their measure, we first identify the set of candidate stocks that are part of a momentum strategy. Given the lack of a fundamental anchor (Stein, 2009) , such feedback trading is more likely to have a destabilizing effect, that is, moving prices away from the fundamental value. We question whether such arbitrage activity has destabilizing effect on market quality beyond price efficiency. We also consider an anchored arbitrage strategy, namely, pairs trading that exploits the price discrepancy between historically similar stocks (Gatev et al., 2006; Do and Faff, 2010) , as a potential channel for spillover effects. 4 Thus we test how the results on the spillover effects depend on 3 Our focus on cross-sectional spillover effects (Brugler and Linton, 2016) is different from the earlier literature on volatility spillover, that is, the effect of circuit breakers on volatility in subsequent periods (see, e.g., Abad and Pascual, 2013) . 4 We implement two versions of pairs trading: with and without an industry match between the stocks in the existence of a price anchor.
Our first observation is that extreme intraday price jumps are temporary, and revert back quickly in the case of intraday crashes. Earlier studies on the Flash Crash event (e.g., Easley et al., 2011; Kirilenko et al., 2014; Madhavan, 2012 ) document a similar temporary price effect. However, intraday rallies exhibit persistent price effects if there are firm-specific news on the day of the SSCB. This result is consistent with the prediction of De Long et al.
(1990) that asset prices overreact to news due to both positive feedback traders and anticipatory trades of rational speculators. 5 We also observe that circuit breakers are triggered by abnormal trading activity, that is, activity compared to a 30-day benchmark, in particular high trading volume and volatility along with increased spread just before the trading halt.
If there is news associated with the firm on the SSCB day, the abnormal trading activity already starts five minutes before the trading halt. After trading resumes, the abnormal trading activity reverts back to its normal level in about 20 minutes only if there are no news.
The changes persist beyond half an hour in the case of firm-specific news. The difference-indifferences (diff-in-diff) analysis shows that the abnormal trading activity on the SSCB day is not driven by a common shock to firms with similar characteristics, such as price, market capitalization or index membership.
Our main contribution is to identify the channel through which the abnormal trading activity is transmitted to related non-halted stocks during the trading halt. We show that mainly the firms which are part of a risky arbitrage activity that involve SSCB stocks are affected by the trading halts. In particular, speculative portfolio strategies such momentum trading or pairs trading cause trading externalities during extreme market conditions. The former strategy bets on the price trend of a group of stocks, that is, winner stocks with a better past return performance, while the latter places speculative bets on the price convergence between stocks with similar past price paths. The diff-in-diff analysis reveals that the pair. The former strategy is restricted to stocks within the same industry. 5 In a recent paper, Fishe et al. (2015) show the existence of anticipatory traders in the market who detect the local price trends before the other traders.
the SSCB trading halts cause abnormal volume and short-term volatility spillovers for these non-halted stocks in the arbitrage portfolio. To the best of our knowledge, none of the earlier papers investigate the implication of such arbitrage strategies on liquidity and volatility transmission across stocks.
There is some theoretical literature that analyzes the role of circuit breakers on market quality. According to the models, circuit breakers may serve as safeguards by providing a cooling-off period that allows extra time to reassess trading decisions (Ma et al., 1989) , reduce transactional risk (Greenwald and Stein, 1991) , and lower information asymmetry in the presence of information frictions (Spiegel and Subrahmanyam, 2000) . If traders incur adverse selection costs, then introducing circuit breakers might be beneficial for market participants by reducing volatility while increasing trading volume. However, circuit breakers might also have an adverse effect on volatility. According to the Subrahmanyam (1994)'s model, large liquidity traders might anticipate trading halts, and rush to trade to satisfy their trading needs, and hence cause the so-called magnet effect.
Earlier empirical studies show that rule-based trading halts, such as the SSCBs introduced by the SEC, affect market activity, and result in high trading volume without reducing volatility (Abad and Pascual, 2010; Ferris et al., 1992; Martens and Steenbeek, 2001 ). However, consistent with the Subrahmanyam (1994)'s model, Lee et al. (1994) find that both volume and volatility significantly increase in a matched sample analysis around discretionary suspensions.
6 On the other hand, Lehmann (1989) and Goldstein and Kavajecz (2004) show evidence in favor of the magnet effect. In our SSCB setting, where the trading halts are not triggered by material information released by the firm, information asymmetry is unlikely to play a major role, instead the speculative activity of arbitrageurs would generate higher volume and an adverse effect on volatility on SSCB days.
There is less theoretical guidance on the spillover effects of circuit breakers on other related stocks. Spiegel and Subrahmanyam (2000) propose a model in the context of infor-6 Subrahmanyam (1995) compares discretionary vs. rule-based (automatic) trading suspensions.
mation disclosure, and conjecture spillover effects on firms in the same industry. The model developed by Cespa and Foucault (2014) propose that (il)liquidity can be contagious across assets through a multiplier mechanism: the price of one security is a noisy signal for traders in other securities, so if a price shock to one security changes the view or risk appetite of traders on other securities, this information learning process will yield a similar return pattern. However, neither of the models are directly applicable to the SSCBs. (2013) and Gatev et al. (2006) to collect a set of stocks that are part of an unanchored and anchored arbitrage strategy, respectively. In the absence of asymmetric information, we would expect increased volume and volatility of non-halted stocks through the speculative activity of arbitrageurs, without a significant change in spreads. Thus, we test whether there are liquidity and volatility spillovers across securities through the risky arbitrage channel during the trading halts triggered by intraday rallies and crashes. The recent finding by Goldstein (2015) , that NYSE's Rule 80A is effective in reducing volatility spillover to the cash market from the futures market, hints at the importance of the arbitrage channel in the context of circuit breakers.
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In a concurrent working paper, Brogaard and Roshak (2015) test the ex-ante effects of price limits during the same SSCB period, and find evidence on less aggressive trading of informed market participants supporting the holding back hypothesis proposed by Subrahmanyam (1997) . Our focus is different, since we study the intraday events caused by non-material information where informed trading is less likely to be the primary channel. In another recent working paper, Brugler and Linton (2016) study the cross-sectional spillover effects of circuit breakers implemented on the London Stock Exchange (LSE). However, they mainly focus on the hedging motive proxied by market-wide shocks as the main channel for the spillover effect, while market-wide information plays no role in our setting.
The remainder of the paper is organized as follows: In Section II, we describe the data and explain our identification strategy. In Section III, we provide empirical results on abnormal trading activity of SSCB stocks. We show evidence on non-halted stocks in Section IV. In Section V, we conclude.
Data
In this section we first explain the details of our data collection to construct the set of SSCB events. Next, we discuss the identification of related non-halted stocks for each SSCB event.
SSCB Events
We obtain data from various data sources: intraday trades and quotes data are from the daily TAQ dataset via WRDS. We also collect company information from the CRSP daily stock files. After the Flash Crash on 6 May 2010, the SEC introduced the single stock circuit breaker (SSCB) program in three phases: Phase I (11 Jun 2010 -13 Sept 2010) which applies only to S&P 500 stocks, Phase II (14 Sept 2010 -7 Aug 2011) which also includes Russell 1000 firms, and Phase III (8 Aug 2011 -8 April2013) until the start of the Limit up limit down (LULD) regulation. 8 The last phase included all NMS stocks (see Figure 1) . In our main analysis we focus only on the most liquid S&P 500 and Russell 1000 firms. 9 To identify SSCB stocks, we use an algorithm that checks both the trade resumption condition,
8 Under the LULD mechanism, individual stocks are halted only if a trade occurs outside the price band which is set dynamically. Under the new regulation, the number of halts is reduced substantially, except the day, 24 Aug 2015, when there were 1,278 trading halts for 471 different ETFs and stocks (CNBC, 2015 (CNBC, , http://www.cnbc.com/2015 .
9 For the less liquid NMS stocks traded above (below) $1, the halt was triggered after a 30 (50) percent price jump. the duration of the halt, and the size of the price jump preceding the halt. We filter out quotes with special conditions, that is, quote mode different than 11. We cross-validate each SSCB event collecting firm-specific news from the Factiva database. We limit our sample to common stocks (share code 10 and 11) with only a single halt in a day, and trading at a price higher than $1 on the SSCB day.
We apply several filters to make sure that the trading is not halted via another type of circuit breaker, for example, circuit breaker triggered by order imbalance (mode code=7) or pending news (mode code=11). We excluded all the events with a scheduled company announcement, SEC filings, initial public offerings, stock splits or reverse splits. We create a dummy variable to control for the non-material news on the day of the SSCB, that is, any unexpected news or rumor that might trigger the trading halt. Our final SSCB sample consists of 54 trading halts on NYSE and Nasdaq exchanges during the period between 16 June 2010 and 27 March 2013.
10 As Appendix 
Identification
In this section we explain our identification strategy to construct a set of candidate stocks which are related to the SSCB stocks through the arbitrage channel. In particular, we consider two types of arbitrage strategies: i) momentum (feedback) trading initiated by rational speculators, an unanchored strategy (De Long et al., 1990; Stein, 2009) 12 , and ii)
10 See Appendix pairs trading which is based on exploiting the deviations from the relative-value arbitrage rule, an anchored strategy (Gatev et al., 2006; Do and Faff, 2010) .
Momentum stocks
This section describes how we define momentum stocks for each SSCB stock that was halted during the SEC pilot period. Our aim is to measure the effect of firm level intraday rally and crash events on other stocks that are related to halted stocks through the destabilizing arbitrage activity. First, we focus on a portfolio strategy which relies on past performance of stocks: stocks are sorted based on their past returns over a formation period, then past winners are bought and past losers are shorted (Jegadeesh and Titman, 1993) .
This strategy involves risks since the investor places a bet on the continuation of a price trend.
We identify momentum stocks based on the degree of abnormal return correlation with SSCB stocks (Lou and Polk, 2013) . This methodology allows us to capture the connection between the SSCB stocks and other related stocks which arbitrageurs are likely to consider as part of a momentum trading strategy in the absence of a fundamental anchor, that is, a clear valuation benchmark. Following Lou and Polk (2013) we find canditate momentum stocks that have abnormal return correlation with the SSCB stocks after controlling for the three Fama-French risk factors:
where ret i is the daily return of stock i in our 54 SSCB sample, ret −i is the daily return of any S&P500 or Russell 1000 common stock (with a price greater than $1) except for stock i , mkt is the market factor, that is, the excess return on the broad market index, smb is the size factor, that is, the return on the small market cap minus the large market cap stocks, and hml is the value factor, that is, the return on the stocks with high book-to-market ratio minus the return on the stocks with low book-to-market ratio. We obtain residuals of the previous six-month daily return after controlling for the three Fama-French risk factors, and then calculate the pairwise partial correlations between the residuals of the halted SSCB stock and other eligible stocks. The stocks with a significant partial return correlation (at the 1% level) with a halted SSCB stock are identified as momentum stocks. We select the five strongest candidates with the highest (absolute) partial correlation, for each SSCB stock, to create a balanced panel of 270 momentum stocks. We report the results of the balanced panel in the main analysis to compare different arbitrage strategies.
Pairs trading stocks
Pairs trading is a simple statistical arbitrage strategy that involves identifying stocks with similar price paths and a bet on the convergence of the prices whenever they drift apart. The price of the other stock in the pair provides a tangible price anchor. Such an anchored strategy based on relative pricing may improve price efficiency due to law of one price, assuming that both stocks in the pair are close substitutes. Yet, this strategy clearly involves risks as well since pairs are identified based on the historical data and on the implicit assumption that the relative price relation will hold in the future.
Using data over forthy years, Gatev et al. (2006) document that pairs trading strategy is highly profitable, even after taking into account transaction costs, bid-ask bounds and short-selling costs. Do and Faff (2010) confirm their evidence using a more recent sample involving the crisis period. Engelberg et al. (2009), on the other hand, show that pairs trading profitability depends on both ideosyncratic news and liquidity shocks to the stocks in the pair that trigger the divergence in prices.
We follow Gatev et al. (2006) to find the candidate stocks of a pairs trading strategy for each SSCB stock. Using a one-year data before each SSCB event, we consider only those stocks from the CRSP daily files, which have at least one trade each day during the formation period. Then we compute a cumulative total returns index for each SSCB stock over the formation period. We select candidate stocks for each SSCB stock by minimizing a distance measure between the price paths based on the sum of squared deviations. To form a balance panel as we did above for the momentum strategy, we choose the top five strongest candidates with the minimum distance measure relative to each SSCB stock.
13 In addition to the unrestricted search, we also conduct a second search to find potential candidates for the pairs trading, but this time, considering the 2-digit SIC industry code. This tighter match, which also captures the industry channel, may potentially yield a stronger transmission mechanism. However, this industry link is distinct from the information channel considered in earlier studies (e.g., Spiegel and Subrahmanyam, 2000; Jiang et al., 2009 ). Table 1 shows the summary statistics for SSCB and other related non-halted stocks. In the table, we report information regarding the non-halted stocks identified via momentum trading, pairs trading and pairs trading within the same industry. The last column reports the pooled results across different arbitrage strategies. The number of circuit breakers in our sample varies across years with a maximum of 26 in 2011. Correspondingly, for each arbitrage strategy the number of related non-halted stocks changes each year. We categorize the SSCBs by the direction of the price jump, that is, rally versus crash, and we also report whether the price jump is discrete or cumulative in the five-minute period before the trading halt. The majority of the jumps are intraday rallies. Over two third of the SSCB events are cumulative jumps suggesting that some of these events might be related to intraday momentum strategies, in particular positive feedback trading, rather than an abrupt expreme price movement.
Descriptive Statistics
[ Table 1 about here.]
Based on the Factiva search, we identify 34 SSCB events associated with firm-specific non-material news. In the last column of Appendix There is some dispersion in our sample in terms of price and market capitalization of SSCB stocks. The average price of the SSCB stocks is $52.90 with an average market capitalization of $37 billion. Apple stock has the highest share price in our sample, followed by Washington Post. The top three largest companies are Apple, ExxonMobil and Cisco systems. The median price of non-halted stocks ($24.98 ) is similar to the median price of SSCB stocks ($26.86), while the market capitalization of non-halted stocks is smaller compared to SSCB stocks.
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SSCB stocks
In this section, we explore how the trigger of the circuit breaker at the firm-level affects the price dynamics, and different aspects of market quality such as volume, liquidity and volatility of halted securities on the day of the SSCBs.
Price dynamics
Single stock circuit breakers temporarily suspend trading under extreme price movements. Our first task is to understand how the prices evolve around intraday rallies and crashes at the firm level. We first look at the speed of adjustment of prices to the pre-halt 14 Since we do not know the exact timing of the news release, we cannot make a causal claim. 15 For example, in the case of Anadarko petroleum which was trading at $38.64 per share prior to the SSCB, an erroneous trade at $99,999.09 triggered the halt according to Wall Street Journal. 16 The main reason for this difference is that, following Gatev et al. (2006) we consider all liquid CRSP stocks for the pairs trading strategy regardless of the index membership.
level 20 minutes around the SSCB events. In Figure 2 , we plot the average price of each SSCB stock normalized at the price that prevailed 20 minutes before the trading halt. Panel A of Figure 2 shows the price paths of intraday rallies for both news and no news cases. Our first observation is that, regardless of the related news, prices remain flat with no significant change until five minutes before the circuit breaker is triggered. Prices build up relatively slowly few minutes before the halt, in the events with news, resembling feedback trading activity, while there is an abrupt price jump just before the SSCB trigger in the case of no news. We note a larger price jump (with a wide confidence interval) if there is no news, presumably due to fat finger trades or other technical problems. Interestingly, after trading resumes, prices revert back to normal levels relatively fast, within five minutes, in the events with no news. However, when there is firm-specific news circulating in the financial media, 
Market quality
A policy relevant question is whether the implementation of the single stock circuit breakers was effective in improving market quality. However, we do not observe the counterfactual, that is, what would have happened if the trading halt had not been in place. Nevertheless, it is informative to see how the trading halt affects the course of trading on a SSCB day compared to other days. We focus on different dimensions of market quality measures such as trading activity (number of trades, number of quotes, share volume of trades, dollar volume of trades), liquidity (quoted, relative and effective spread), short-term volatility measured by (high-low)/high midquotes, and order-to-trade ratio (OTR), a proxy for algorithmic trading (AT) (Skjeltorp et al., 2013) 19 , 40 minutes around the SSCB events. 20 The quoted spread is the time-weighted difference between ask and bid prices. Relative spread is the time-weighted average of the ratio of quoted spread over the prevailing midquote. Finally, effective spread is a time-weighted average of the ratio of two times the absolute value of the difference between transaction price and the prevailing midquote over the midquote.
In order to control for intraday effects and firm characteristics, we compute abnormal market quality measures by taking into account a 30-day average calculated from the same intraday period 30 days around the SSCB event, excluding the SSCB day. We follow Lee et al.
(1994), Corwin and Lipson (2000) and Christie et al. (2002) , and compute the percentage change of market quality measures relative to the benchmark period as follows:
In Panel A of Table 2 , we test whether market quality measures are significantly different than the 30-day benchmarks. We note that indeed all the measures are significantly higher than the normal levels, both in a short five-minute window, and a larger 20-minute window.
One exception is the OTR measure which is significantly lower both before and after the trading halt (approx. by 32% just before the halt, and by %60 in the five minutes after the 19 Skjeltorp et al. (2013) argue that this proxy is highly correlated with HFT activity, identified in studies with higher quality data using cancellations or HFT flags (e.g., Hendershott et al., 2011; Hasbrouck and Saar, 2013; Brogaard et al., 2014) . Hagströmer and Norden (2013) also show that market making HFTs have higher OTR compared to other types of HFTs. 20 We extended the window up to one hour. The results are very similar, but we lose some observations, in particular those events which take place early or late in the day.
halt).
21 This preliminary evidence hints at the extraordinary trading conditions on the day of the SSCB event.
[ Table 2 about here.]
Next, we investigate in detail the evolution of three main dimensions of market quality. Figure 3 illustrates the abnormal (share) volume, relative spread, and volatility for SSCB stocks. In each panel, we show news and no news cases separately. The total 40-minute observation window is divided into one-minute increments. For each one-minute interval, we calculate the abnormal market quality measures, and then take the average across all SSCB stocks. The vertical lines indicate the 95% confidence bands.
[ Figure 3 about here.]
Volume
Panel A of Figure 3 shows that the trading volume is not abnormally high until five minutes before the trading halt. Volume gradually increases in the last few minutes before circuit breaker is triggered. In the last minute before the halt, in the SSCB events with news (no news) trading volume jumps to a 50 (35) times higher level than the 30-day benchmark.
We already notice the difference between news and no news cases when the volume builds up before the halt, but the differences become especially pronounced once trading resumes.
In the no news cases, volume quickly reverts back to normal levels right after two minutes after the halt. However, in the news case, the share volume remains at high levels in the first few minutes after the resumption of trading, and decays gradually afterwards. It stays at significantly higher levels (compared to no news case) even after 20 minutes of trading. The causal link between news and trading volume has been long established (e.g., Karpoff, 1986; Hong and Stein, 2007) . Disagreement about the news (Hong and Stein, 2007) , differences in prior expectations (Karpoff, 1986) or speculative trading due to overreaction to news (De Long et al., 1990 ) may explain the elevated trading volume.
Liquidity
Panel B of Figure 3 shows that the relative spread is not abnormally high until the last two minutes before the trading halt. In fact, it does not change significantly before the halt in the SSCB events with no news, while it increases almost 75% in the last minute of trading before halt when there is news. While trading volume either stays at the same level or reduces after the resumption of the trade, we observe a significant increase in transaction costs right after the halt, and more pronounced for the SSCB events with news. The trading remains shallow in the next five minutes with a significant increase in illiquidity. Afterwards, relative spreads revert back to the normal level in the SSCB events with no news, but spreads stay at significantly higher levels even 20 minutes after the halt when there is news. Higher trading volume coupled with increased transactions costs suggest aggressive trading using market orders to bet on the news. This conjecture is in line with the prediction of the (De Long et al., 1990 ) model where feedback traders post market orders based on past price changes.
Volatility
Panel C of Figure 3 shows that the pattern of short-term volatility is similar to the one of relative spread before the SSCB trigger: sudden increase in volatility in the last minute of trading before the halt (though with a much larger magnitude, 20 times the normal level in the case of news) which remains high after trading resumes. Differently though, volatility stays at significantly high levels beyond five minutes, both in news and no news cases, reflecting the uncertainty following the trading halts. This latter finding is in contrast with the evidence shown Christie et al. (2002) who document reduced post-halt uncertainty due to information transmission during the halt.
Matched Sample
In order to see whether the abnormal trading activity on the SSCB day is also documented in other stocks with similar firm characteristics, we conduct a difference-in-differences (diffin-diff) test using a matched sample of stocks that are not subject to the trading halts due to a SSCB trigger. In particular, following Davies and Kim (2009), we match each SSCB stock one-to-one to a control stock within the same index, that is, S&P 500 or Russell 1000, based on the share price and market capitalization. 22 The results reported in Panel B of Table 2 are very similar to the results shown in Panel A which are also confirmed by the graphical evidence provided in Appendix Figure A. 1. This suggests that firm characteristics alone, including the index membership, cannot explain the abnormal activity on SSCB days.
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Overall, the pattern of intraday volume, spread and volatility are broadly consistent with the abnormal activity reported in some of the earlier studies on circuit breakers (e.g., Lee et al., 1994; Corwin and Lipson, 2000) . However, the mechanism behind is different:
SSCBs are not triggered by material news releases or order imbalances as it was the case in those studies. Thus, we conjecture that even in the absence of the information channel, the activity of a certain type of market participants, namely arbitrageurs in the market, affects the trading dynamics of other stocks through their speculative strategies, in particular during market disruptions. In the next section, we explore different types of (risky) arbitrage strategies, and test whether the speculative activity of the arbitrageurs causes cross-sectional liquidity and volatility spillover during the trading halts.
Non-halted stocks
An important, yet less studied, aspect of circuit breakers is the implication of such a trading friction on overall market stability. In this section, we explore the repercussions 22 The matching is conducted based on the average closing price and market capitalization one month before the SSCB event.
23 In Appendix Table A .3, we also show the diff-in-diff results at the event level.
of circuit breakers on other related stocks that continue trading during the SSCB trading halt. Specifically, we test whether price dynamics, liquidity and volatility measures of related non-halted stocks are affected via risky arbitrage activity by the SSCB triggers, and subsequent trading halts. The related non-halted stocks are identified via two types of arbitrage strategies explained in Section 2.2: momentum stocks (unanchored) and pairs trading stocks (anchored) with and without industry matching. We use the above mentioned abnormal market quality measures relative to the 30-day benchmark around the SSCB day.
In order to examine the dynamic response of non-halted stocks to SSCB events, we provide graphical evidence on the price dynamics (Figure 4) , and on different dimensions of market quality, that is, share volume ( Figure 5 ), relative spread ( Figure 6 ) and short-term volatility (Figure 7) , over a 40-minute observation window around the SSCB event. The total 40-minute observation window is divided into one-minute increments. For each one-minute interval, we calculate the abnormal measure for each stock, and then compute the average across all non-halted stocks within the same arbitrage category.
Price dynamics
In Figure 4 , we plot the average price of each non-halted stock normalized at the price that prevailed 20 minutes before the trading halt. The left (right) column shows the rallies (crashes). Each row corresponds to a set of non-halted stocks identified with a different arbitrage strategy. The gray shaded area in the figures indicate the five-minute trading halt. First of all, regardless of the arbitrage strategy, we note that the price of the nonhalted stocks react to the triggered of the SSCB. In the first row, we see that the price of momentum stocks significantly increase during the trading halt, though the magnitude of the price change is substantially lower compared to SSCB stocks. In the case of intraday rallies, the prices stay at slightly higher levels even after the trading halt, similar to the observation we made for SSCB stocks. On the contrary, in the case of intraday crashes, prices immediately revert back to the pre-halt levels. For pairs trading stocks, the figures are very similar to the ones of the momentum stocks during intraday crashes, regardless of the industry matching. However, we note that intraday rallies do not cause significant price changes (wide confidence bands) for non-halted pairs trading stocks without industry matching. On the other hand, the price jump is significant for the pairs trading stocks in the same industry, hinting at the importance of destabilizing effect of arbitrage activity via industry channel, even for anchored strategies.
[ Figure 4 about here.]
Market quality
We next look at how share volume, relative spread and volatility of non-halted stocks are evolve around the SSCBs. If the destabilizing trading activity of the arbitrageurs cause spillover effects, as we conjecture, then we should observe abnormal trading activity on SSCB days around the trading halts (the gray shaded in the figures below). Figure 5 shows the abnormal share volume of the non-halted stocks identified through different arbitrage strategies. Regardless of the type of arbitrage strategy, we note that share volume significantly jumps (above 50%) just before the trading halt, and gradually decreases during the halt with another significant jump when trading resumes after the halt.
Volume
Compared to anchored pairs trading strategies, the decline in trading volume is more gradual in the case of momentum stocks with abnormally high volume even several minutes after the halt which eventually reverts back to the normal level.
[ Figure 5 about here.]
Liquidity
Figure 6 which shows the abnormal relative spread of the non-halted stocks draws a different picture. In none of the panels, the illiquidity is abnormally high before the halt, ruling out any market-wide liquidity shock as the trigger of the trading halts. The liquidity of momentum stocks is unaffected both during and after the halt. However, we do see a significant increase in relative spreads of pairs trading stocks (both with and without industry matching). There is only a temporary jump in illiquidity after trading resumes, which reverts back to the normal level two minutes after the halt.
[ Figure 6 about here.]
Volatility
Figure 7 reveals that the short-term volatility of the momentum stocks starts increasing gradually in the last five minutes before the halt with a significant jump (around 40%) in the last minute, and it remains at high levels during the halt with some decline towards the end of suspension. The volatility jumps again once trading resumes and declines only gradually to normal levels. In the case of anchored strategies, we do not observe a clear pattern in volatility before the halt, but the volatility remains at high levels during the halt, with a significant jump (more than 50%) right after the SSCB trigger in the case of pairs trading with industry matching. While trading resumes at high levels of volatility, it reverts back to normal relatively fast.
[ Figure 7 about here.]
Difference-in-differences
The graphical evidence in the previous section shows that the market quality measures are abnormally high during the SSCB trading halt for the non-halted stocks identified through different arbitrage strategies. The results reported in Panel A of Table 3 confirm this evidence for a larger set of market quality measures. We note that regardless of the arbitrage strategy used to identify the non-halted stocks, trading activity, volume and volatility significantly increase for non-halted stocks. We also observe an increase in illiquidity of non-halted (around 5% overall) during the halt, however the change is not significant for momentum stocks. We also do not observe any significant change in the OTR measure of non-halted stocks, a proxy for AT, once we focus on strong candidates for arbitrage activity.
[ Table 3 about here.]
In order to pin down the channel for the cross-sectional spillover effects during the SSCB halts, we conduct a difference-in-differences (diff-in-diff) test using a matched sample of stocks that are not candidates of any arbitrage strategy we consider in relation to the SSCB stocks. In particular, following Davies and Kim (2009), we match each non-halted stock one-to-one to a control stock based on share price and market capitalization. For example, in the case of momentum stocks, we choose control stocks among the S&P500 and Russell 1000 index firms which have no significant partial correlation (after controlling for three FF risk factors) both with the SSCB and momentum stock, and are matched to each momentum stock one-to-one based on price and market capitalization. For the control group of pairs trading stocks, we sort candidate stocks based on the distance of price paths, and consider the bottom 500 stocks with the maximum distance to the SSCB stocks, that is, the least likely candidates for pairs trading. Using the same two characteristics, price and market capitalization, we match each pairs trading stock one-to-one to a control stock. We follow the same strategy for pairs trading stocks within the same industry, imposing the constraint that the control stock belong to the same 2-digit SIC code of the SSCB stock.
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We report the results of the diff-in-diff tests in Panel B of Table 3 for each arbitrage strategy. The last column also shows the pooled results. The evidence clearly shows that the speculative activity of the arbitrageurs in the market is an important channel in transmitting volume and volatility increases to other non-halted stocks. Incidentally both increase around 14% above the 30-day benchmark during the halt compared to the control sample. However, 24 Imposing the industry constraint on the control group reduces substantially the number of potential matches as a control. Therefore, some stocks in the control group still can be weak candidates for pairs trading.
there is no significant change in illiquidity of non-halted stocks, except for pairs trading stocks, once the control sample is taken into account.
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In Table 4 we show the diff-in-diff results for different categories of SSCB events. In Panel A, we compare intraday rallies with crashes, and events with non-material news versus events with no news. We note that trading activity and volatility of non-halted stocks significantly increase both for intraday rallies and crashes, with no significant change in spread measures. On the other hand, we observe that the spillover in trading volume and volatility is particularly strong when there is news on SSCB days. Interestingly, the only case with significant increase in spreads is when there is no news associated with SSCB events, e.g., fat finger trades or other technical problems. Next, we sort the non-halted stock based on two firm characteristics, share price and market capitalization, and report the results for top and bottom quintiles. We note that volume and volatility spillover effects do not primarily come from extreme price quintiles, yet the liquidity of lower price stocks are significantly affected by SSCB trading halts. However, volatility spillovers mainly concentrate around larger stocks.
[ Table 4 
about here.]
Next, we run a panel regression to see how firm and event characteristics affect the diff-in-diff results shown in previous tables. The dependent variables are share volume, relative spread and short-term volatility. As control variables we include share price, market capitalization, primary exchange of both SSCB and non-halted stocks, momentum, a dummy variable indicating whether the non-halted stock is part of momentum strategy, pairs trading, a dummy variable indicating whether the non-halted stock is part of pairs trading strategy, and industry, a dummy variable equal to one if both SSCB and correlated stocks are in the same 4-digit SIC industry. We also control for the following characteristics of the SSCB events: rally a dummy variable equal to one if it is an intraday rally, news, dummy variable equal to one if there is non-material news found on Factiva on the SSCB day, disc, a dummy variable equal to one if the circuit breaker is triggered by a discrete jump, weekday, week day of the SSCB event, time, time (in seconds) of the SSCB trigger relative to 9.45am, the level of the VIX index on the SSCB day, and the abnormal VIX measured as the VIX level on the SSCB day relative to the average VIX level in the SSCB month.
[ Table 5 about here.] Table 5 shows that most of the firm and event characteristics due not explain the differences between the abnormal trading activity of non-halted stocks relative the matched control sample during the trading halt. In line with the evidence in Panel B of Table 3 , the volume effect is particularly strong for the momentum stocks, that is, those stocks which are part of an unanchored risky arbitrage strategy (Stein, 2009 ). The absence of any news on the SSCB implies a higher abnormal spread for non-halted stocks during halt. This result, also confirmed in Panel A of Table 3 , suggests the lack of any firm-specific news on the day of the SSCB creates uncertainty, and hence causes illiquidity for other non-halted stocks in the arbitrage portfolio. None of the controls considered in the table explain the volatility spillover to non-halted stocks. Most importantly, neither the VIX level nor the abnormal measure of VIX, is significant in the regression. This result lends strong support for the idiosyncratic nature of the SSCB events. Overall, the table confirms our initial conjecture that the arbitrage channel is the major driving force behind the cross-sectional spillovers to non-halted stocks.
Conclusion
This is one of the first studies that analyses a set of intraday rally and crash events at the firm level during the SEC initiated single stock circuit breaker (SSCB) program. These intraday events that are unrelated to material news release by the firm or other market-wide information shocks, provide an ideal setting to analyze the effects of circuit breakers to other non-halted stocks beyond the information channel. Our identification of related non-halted stocks through the arbitrage channel differentiates our study from other papers, and helps us test the effects of such trading interventions on other related stocks in the context of market quality beyond price efficiency.
Our results show that the circuit breakers not only interrupt the trading activity of halted stocks but also affect the volume and volatility of other related non-halted stocks through the speculative trading strategies of arbitrageurs. Our evidence on the role of arbitrageurs for cross-sectional spillovers during market disruptions is highly relevant for the revived discussion on the introduction of transaction (Tobin) tax in the securities markets to limit speculation. Yet, our analysis solely focuses on the behavior of a subset of market participants in a stylized setting, namely arbitrageurs who take risk following speculative trading strategies such as momentum or pairs trading. It would be interesting to look at the interaction of different type of market participants, say, arbitrageurs versus (high frequency) liquidity suppliers identified using direct measures such as HFT flags, to have a complete picture on cross-sectional spillovers. The figures show how the price of SSCB stocks evolves 40 minutes around the trading halt. The x-axis represents the time (in minutes) relative to the SSCB event. The y-axis shows the price ratio, that is the stock price in each minute relative to the price 20 minutes before the start of the trading halt. Panel A (Panel B) shows the average price of intraday rallies (crashes). The solid line with asterisks (95% confidence interval) exhibits the events with no news on the SSCB day while the dashed line with filled circles (95% confidence interval) represent the events with related news found in Factiva on the SSCB day. The halt label in the x-axis refers to the last one-minute interval before the circuit breaker. The reopen is defined as the first one-minute interval after the restart of trading. These figures show the abnormal market quality measures of SSCB stocks, that is, volume (Panel A), relative spread (Panel B) and volatility (Panel C) measured on SSCB days relative to the 30-day average around the SSCB day (excluding the SSCB day), 40 minutes around the trading halt. The x-axis represents the time (in minutes) relative to the SSCB event. Volume is calculated as the total trading volume in shares. Volatility is defined as the highest midquote in a one-minute interval minus the lowest midquote in the same interval, divided by the highest midquote. Relative spread is the time-weighted average of the ask price minus bid price over the midquote in a oneminute interval. The solid line with asterisks (95% confidence interval) exhibits the events with no news (N =20) on the SSCB day while the dashed line with filled circles (95% confidence interval) represent the events with related news (N =34) found in Factiva on the SSCB day. Volatility is measured on SSCB days relative to the 30-day average around the SSCB day (excluding the SSCB day), 40 minutes around the trading halt. The x-axis represents the time (in minutes) relative to the SSCB event. Volatility is defined as the highest midquote in a one-minute interval minus the lowest midquote in the same interval, divided by the highest midquote. The asterisks indicate 95% confidence interval. The gray shaded area indicates the trading halt. The table presents the average abnormal market quality measures for SSCB stocks (N =54). In Panel A, for each SSCB stock, we compute the percentage change of each measure relative to the 30-day benchmark in a 5-minute and a 20-minute (excluding the 5-minute around the halt) window around the halt. Quoted, effective and relative spreads are time weighted averages, while the number of trades, the number of quotes, share and dollar volume are aggregated over the observation window. We calculate the benchmark measures of the same intraday period for 30 days around the SSCB day, excluding the day of SSCB. Panel B shows the results of a diff-in-diff analysis using a control group matched based on price and market capitalization within the same index, that is, S&P or Russell 1000. We conduct a two-sided t-test to evaluate the significance of the difference between SSCB day and the benchmark period. The symbols ***, ** and * indicate statistical significance at the 1%, 5% and 10%, respectively. The table presents the average of abnormal measures during the trading halt for non-halted stocks related to 54 SSCB stocks. In Panel A, for each non-halted stock identified through three different arbitrage strategies, we present the percentage change for each measure for the halt period of the circuit breaker relative to 30-day the benchmark around the SSCB day. The last column shows the results aggregated over all arbitrage strategies (non-overlapping observations). Quoted, effective and relative spreads are time weighted averages, while the number of trades, the number of quotes, share and dollar volume are aggregated over the observation window. Panel B shows the results of a diff-in-diff analysis using a control group matched based on price and market capitalization. We conduct a two-sided t-test to evaluate the significance. The symbols ***, ** and * indicate statistical significance at the 1%, 5% and 10%, respectively. The table shows the results of a diff-in-diff analysis of the average abnormal market quality measures for each SSCB event (N =54) using a control group matched based on price and market capitalization within the same index, that is, S&P or Russell 1000. We compute the percentage change of each measure relative to the 30-day benchmark in a 5-minute and a 20-minute (excluding the 5-minute around the halt) window around the halt. Quoted, effective and relative spreads are time weighted averages, while the number of trades, the number of quotes, share and dollar volume are aggregated over the observation window. We calculate the benchmark measures of the same intraday period for 30 days around the SSCB day, excluding the day of SSCB. We conduct a two-sided t-test to evaluate the significance of the difference between SSCB day and the benchmark period. The symbols ***, ** and * indicate statistical significance at the 1%, 5% and 10%, respectively.
[ 
These figures compare the abnormal market quality measures of SSCB stocks and control stocks, that is, share volume (Panel A), relative spread (Panel B) and volatility (Panel C) measured on SSCB days relative to the 30-day average around the SSCB day (excluding the SSCB day), 40 minutes around the trading halt. Control stocks are within same index, and matched based on share price and market capitalization. The x-axis represents the time (in minutes) relative to the SSCB event. Volume is calculated as the total trading volume in shares. Volatility is defined as the highest midquote in a one-minute interval minus the lowest midquote in the same interval, divided by the highest midquote. Relative spread is the time-weighted average of the ask price minus bid price over the midquote in a one-minute interval. The black dashed line with filled circles (95% confidence interval) exhibits the SSCB stocks while the gray solid line with circles (95% confidence interval) represent the control stocks. 
These figures compare the abnormal market quality measures of all non-halted stocks and control stocks, that is, share volume (Panel A), relative spread (Panel B) and volatility (Panel C) measured on SSCB days relative to the 30-day average around the SSCB day (excluding the SSCB day), 40 minutes around the trading halt. Control stocks are matched based on share price and market capitalization. The x-axis represents the time (in minutes) relative to the SSCB event. Volume is calculated as the total trading volume in shares. Volatility is defined as the highest midquote in a one-minute interval minus the lowest midquote in the same interval, divided by the highest midquote. Relative spread is the time-weighted average of the ask price minus bid price over the midquote in a one-minute interval. The black dashed line with filled circles (95% confidence interval) exhibits all non-halted stocks while the gray solid line with circles (95% confidence interval) represent the control stocks.
